Background {#Sec1}
==========

Newcastle disease (ND), caused by virulent strains of avian avulavirus 1 (AAvV-1, commonly termed Newcastle disease virus, used hereafter), is a worldwide disease that causes significant economic losses to poultry producers and is exotic to the United States poultry industry \[[@CR1], [@CR2]\]. However, genetic variants of Newcastle disease virus (NDV) that belong to genotype VI viruses, termed pigeon paramyxovirus 1 (PPMV-1), are endemic to the U.S. and isolated from wild columbids, including doves and pigeons \[[@CR3]\]. Pigeon-origin NDVs are highly contagious and can result in enteric, visceral, and neurological disease in infected birds and has the potential to cause outbreaks in poultry \[[@CR1]\].

As with other NDVs, pigeon-origin NDVs are genetically diverse, and their virulence is variable \[[@CR4]\]. Although the pigeon-adapted variants are the cause of the third NDV panzootic \[[@CR4], [@CR5]\], affecting primarily pigeons and occasionally poultry \[[@CR1]\], thorough characterization of the complete genomes of these NDV is limited \[[@CR6]\]. Due to the rapid spread of the virus, mass mortalities of specifically Eurasian collared-doves (*Streptopelia decaocto*, ECDO) and rock pigeons (*Columba livia,* ROPI) have occurred within the U.S. \[[@CR7], [@CR8]\]. Both species have the ability to interact with naïve species due to the lack of geographical separation, which justifies increased biosecurity within poultry production regions where these columbids abound. For these reasons, it is important to develop a robust and reliable diagnostic assay to provide detailed genomic characterization of NDV circulating in wild columbids in the United States.

Between 2009 and 2016, there were 25 NDV-associated mortality events of pigeons in ten different states of the U.S. \[[@CR9]\]. Previously, Isidoro-Ayza, et al. collected 70 birds from 25 events. Using viral isolation, RT-PCR, and immunohistochemistry (IHC), the presence of NDV was confirmed in 14 ECDO and 3 ROPI from 10 of those 25 mortality events \[[@CR9]\].

IHC is a common tool in pathogen detection \[[@CR10]--[@CR12]\], it is target-based and can be subjective in some cases. The IHC, using a polyclonal antibody to the nucleoprotein, raised against a synthetic peptide \[[@CR13]\], demonstrated widespread NDV antigen in most tissues from most birds. This NDV immunoreactivity, along with the histopathologic changes within these tissues, suggested the lethal pathogenicity of these viruses in these hosts \[[@CR9]\]. While IHC can identify only the absence or presence of NDV, molecular methods provide genetic information allowing epidemiological and evolutionary studies to be conducted.

One of the most widely used methods to preserve and archive clinical specimens is formalin fixation and paraffin embedding (FFPE) \[[@CR14]\]. Due to the wide use of this technique in pathology studies, significant amount of FFPE samples are stored and available for subsequent analysis. Unlike flash-frozen tissue, nucleic acids are degraded and fragmented through FFPE \[[@CR15]\]. Next-generation sequencing (NGS) is a powerful tool used to detect and genotype infectious agents, and a random-priming approach allows unbiased detection of genetic variation \[[@CR16], [@CR17]\]. The use of NGS on FFPE samples allows for retrospective studies and for molecular investigations of infectious organisms \[[@CR18]\]. While other studies have used NGS on FFPE tissues \[[@CR19]\], the use of this approach is limited in studying animal pathogens.

The current aim was to characterize the NDV from the FFPE tissue samples described above \[[@CR9]\], and to study the circulation and evolution of endemic pigeon viruses in different regions of the U.S. Here, to improve upon standard NDV genotyping methods, random-priming next-generation sequencing was used for whole-genome (99% coverage) characterization of NDV. The feasibility of NGS to detect, sequence, and identify pathogens in FFPE tissues from wild bird mortality events which have varying degrees of autolysis was demonstrated. This study identified the existence of undescribed genetic diversity of genotype VI NDV in the U.S.

Methods {#Sec2}
=======

Pigeon FFPE tissue samples {#Sec3}
--------------------------

Spleen, kidney and liver FFPE tissue samples from 14 Eurasian collared-doves and 3 rock pigeons, collected from 10 different U.S. mortality events between 2010 and 2016 were used in this study. Samples were collected from the following locations: Plymouth, Massachusetts (MA); Brewster, Texas (TX); Gallatin, Montana (MT); Lea, New Mexico (NM); Hidalgo, TX; Washington, Utah (UT); Dallam, TX; Montgomery, Pennsylvania (PA); and Garden City, Kansas (KS). Tissues were originally fixed in formalin, embedded in paraffin and evaluated by light microscopy and IHC \[[@CR9]\] before being analyzed in this study. The same set of organs from one ECDO and one ROPI, negative for NDV and with an unrelated cause of death, were used as negative controls.

RNA extraction {#Sec4}
--------------

Five micrometers thick tissue sections were collected in 1.5 ml centrifuge tubes and immediately de-paraffinized by CitriSolv (Thermo Fischer Scientific, USA). Total RNA was extracted using RNeasy FFPE Kit (Qiagen, USA) as per manufacturer's instructions. Briefly, de-paraffinized tissue was digested by proteinase K, treated with DNase, precipitated by 100% ethanol, adsorbed to an RNeasy MinElute spin column, washed twice and eluted in 50 μl RNase-free water directly from the spin column membrane. Total RNA was quantified using RNA High Sensitivity Assay kits (Thermo Fischer Scientific, USA) on a Qubit® fluorometer 3.0 and fragment size of RNA was determined using RNA 6000 Pico kit on an Agilent Bioanalyzer® (Agilent Technologies, Santa Clara, USA) as per manufacturer's instructions.

NGS library preparation, sequencing and genome assembly {#Sec5}
-------------------------------------------------------

Paired-end sequencing was conducted from cDNA libraries prepared from total RNA using KAPA Stranded RNA-Seq kit (KAPA Biosystems, USA) as per manufacturer's instructions. Briefly, the protocol involved the synthesis of both the first strand and second strand of DNA from total extracted RNA by using random-priming, marking and A-tailing of cDNA fragments with 3′-adenine residues to allow ligation of 3′-thymine-containing adaptors, and random PCR amplification to create the DNA library. The fragment length distribution for each library was assessed using the Agilent High Sensitivity DNA Kit (Agilent Technologies, USA) on the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). The Qubit® fluorometer and the Qubit® dsDNA HS Assay Kit was used to measure the concentration of the dsDNA libraries. All libraries for NGS underwent equimolar dilution and were pooled. The library pool was loaded into the 300 cycle MiSeq Reagent Kit v2 (Illumina, USA) and pair-end sequencing (2 × 150 bp) was performed on the Illumina MiSeq instrument (Illumina, USA). After automated cluster generation in MiSeq, the sequencing reads were processed by bioinformatics. Pre-processing and *de-novo* assembly of the raw sequencing data was completed within the Galaxy platform \[[@CR20]\] using a previously described approach \[[@CR17]\].

Phylogenetic analyses {#Sec6}
---------------------

Phylogenetic analyses were performed using MEGA6 software (MEGA, version 6) \[[@CR21]\]. Preliminary analysis was performed to infer the evolutionary history of genotype VI NDV. The sequences obtained here along with 82 complete genome concatenated coding sequences (CDS), 305 complete fusion gene sequences, and 1234 sequences of the initial 374 nucleotides (nt) of the fusion gene, which were available in GenBank, were initially analyzed (data not shown). Smaller datasets, including the most closely related viruses (complete genome CDS, *n* = 41, complete fusion gene *n* = 72, and 374 nt partial fusion *n* = 931) (see Additional file [1](#MOESM1){ref-type="media"}: Tables S1, S2, and S3), were parsed from the initial datasets and further analyzed. Determination of the best-fit substitution models was performed using MEGA6, and the goodness-of-fit for each model was measured by corrected Akaike information criterion corrected (AICc) and Bayesian information criterion (BIC) \[[@CR22]\]. The final trees with 1000 bootstrap replicates were constructed using the maximum-likelihood method based on the General Time Reversible model for the complete genome CDS tree, the Tamura-Nei model for the fusion tree, and Kimura 2-parameter model for the 374 nt partial fusion tree as implemented in MEGA 6. For all analyses, the codon positions included were 1st +, 2nd +, 3rd +, noncoding, and all positions containing gaps and missing data were eliminated.

The estimates of average evolutionary distances were inferred using the complete fusion gene sequences. Analyses were conducted using the maximum composite likelihood model \[[@CR23]\]. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). Previously described criteria based on the phylogenetic topology and evolutionary distances between different taxonomic groups were used to determine genotypes and sub-genotypes \[[@CR24]\]. In addition, the USDA validated real-time RT-PCR assay primers and probe \[[@CR25]\] used to detect virulent pigeon NDV were aligned with all available sequences obtained from pigeons in the U.S. utilizing ClustalW \[[@CR26]\] as implemented in MEGA6.

Results {#Sec7}
=======

Next-generation sequencing of FFPE tissue samples {#Sec8}
-------------------------------------------------

Forty-eight FFPE tissue samples (kidney, liver, and spleen) from 17 pigeons, which were collected postmortem in seven states of the U.S., were sequenced using a target-independent NGS approach through random sequencing, and analyzed through the bioinformatics workflow described previously \[[@CR17]\]. Twenty-nine of the 48 tissue samples analyzed by NGS were IHC positive \[[@CR9]\]. From 17 birds submitted for sequencing, nearly complete genomes were recovered from 12 ECDO and 2 ROPI birds, which represents a total positive characterization rate of 82% (Table [1](#Tab1){ref-type="table"}). Out of 48 tested samples, 23 nearly complete genomes were recovered, and they were all identified as members of genotype VI NDV. The identity among sequences obtained from different tissues of the same bird was 100%. In all sequences, the deduced amino acid cleavage site of the fusion protein was ~112~RRKKR↓F~117~, which is specific for virulent viruses. Those positive samples were 87.5% of the total kidneys, 40% of the total spleens, and 18% of the total livers tested. All negative control samples were negative using this NGS approach. The comparison with IHC showed that the 23 samples that were identified as positive for genotype VI by NGS, were also previously identified by Isidoro-Ayza, et al. as positive NDV samples by IHC (Table [1](#Tab1){ref-type="table"}). Interestingly, six samples that were originally examined and classified as IHC positive (21%) were determined to be NGS negative with no NDV detected (see Additional file [2](#MOESM2){ref-type="media"}: Table S4). Aligning of the USDA validated real-time RT-PCR assay primers and probe \[[@CR25]\] used to detect virulent pigeon NDV to all available sequences obtained from pigeons in the U.S. showed two to four mismatches in each of the oligonucleotides (data not shown).Table 1Summary of next-generation sequencing data and percent coverage of Newcastle disease virus genomes obtained from formalin-fixed paraffin-embedded tissue samples of wild pigeons collected in the U.S. between 2010 and 2016SEPRL IDTissueSpeciesState^a^YearNDV reads^e^% cover.^f^IHC^g^**1177-1** ^**b**^**KidneyECDO** ^**c**^**MT201026,06999.8+1177-2Liver56,91099.8+1177-3Spleen803099.77+**1178-2LiverECDONM2013+1178-3Spleen+**1179-1KidneyECDOTX2014110899.01+**1179-2LiverN1179-3SpleenN**1180-1KidneyECDOTX201414,31799.81+1180-2Liver176199.64+1180-3Spleen716099.76+1181-1KidneyECDOUT2015111,77899.87+1181-2Liver878099.76+1181-3Spleen32,21899.86+1182-1KidneyECDOTX2016638799.84+**1182-2LiverN**1182-3Spleen32,48899.84+**1183-1KidneyECDOTX2015+1183-3LiverN**1184-1KidneyECDOTX2015209599.49+**1184-2LiverN1184-3SpleenN**1185-1KidneyECDOTX2015229299.58+**1185-2LiverN1185-3SpleenN1187-1KidneyROPI^d^PA2011N1187-2LiverN1187-3SpleenN**1188-1KidneyROPIMA201410,53399.84+**1188-2LiverN**1188-3Spleen137398.72+1189-1KidneyROPIPA201273297.34+**1189-2LiverN1189-3SpleenN**1191-1KidneyECDOKS201637,19599.84+**1191-2Liver+**1191-3Spleen20,82499.77+1192-1KidneyECDOKS2016249599.57+**1192-2LiverN1192-3Spleen+**1193-1KidneyECDOKS2016824799.84+**1193-2LiverN**1194-1KidneyECDOKS201632,26999.83+**1194-2LiverN1194-3SpleenN**1195-1KidneyECDOKS2016548199.82+**1195-2LiverN1195-3Spleen+^a^Abbreviations of states: *MT* Montana, *PA* Pennsylvania, *TX* Texas, *NM* New Mexico, *UT* Utah, *MA* Massachusetts, *KS* Kansas^b^Positive samples are in bold font^c^ECDO (Eurasian collared-dove)^d^ROPI (rock pigeon)^e^Numbers of paired reads used to re-call the final NDV consensus for each sequence^f^Percent coverage - the fraction of the expected full genome length covered by the consensus scaffold^g^IHC (immunohistochemistry); N (negative); + (positive)

The sequencing of 23 positive NDV samples produced a total of 8,548,074 raw reads, which were reduced to 2,624,877 (30.71%) reads once the host genome and the internal PhiX control were filtered out. The assembly analyses showed that 430,542 reads were mapped to genotype VI NDV. The mean fragment lengths ranged from 121 to 226 nucleotides and the assembled genomes had a percent coverage ranging from 97.34 to 99.86% (Table [1](#Tab1){ref-type="table"}). The mean depth was 9--1498 with 19 out of 23 samples having a mean depth above 20. Detailed information on total and filtered number of reads and fragment length size for each individual sample is provided in Additional file [3](#MOESM3){ref-type="media"}, Table S5.

Phylogenetic analysis {#Sec9}
---------------------

The evolutionary distances between the U.S. pigeon sequences and other genotype VI viruses were estimated. Seventeen sequences obtained in the current study from tissues sampled between 2014 and 2016 from Texas, Utah and Kansas were closely related to each other (99.8% mean identity within the group). These sequences were most closely related (96.8 to 98%) to sub-genotype VIa sequences from Texas and Louisiana from 2004, 2006 and 2010 and single sequences from Rhode Island (RI) (2000), Nevada (2003) and Minnesota (MN) (2007). Three sequences retrieved from birds sampled in Pennsylvania and Massachusetts in 2012 and 2014, respectively (99.8% mean identity between them), were most closely related to sub-genotype VIa sequences recovered from ROPI from Michigan (MI), Maryland (MD) and Pennsylvania in 2013 (99.3--99.4% nucleotide distance) and from pigeons and chickens from Pennsylvania, Minnesota and New Jersey (NJ) between 2004 and 2009 (98.2--98.6% distance). Three more sequences, obtained from a single ECDO sampled in Montana in 2010 and identical to each other, were closely related to sequences from the Northeast U.S. described above and also Connecticut (CT), Maine (ME), New York (NY), and Ohio (OH) during the same period.

In order to confirm the evolutionary relationship between the NDV sequences studied here and viruses isolated in other geographical regions, phylogenetic analyses using the complete genome concatenated CDS, complete fusion gene and 374 nt partial fusion gene sequences were performed. Currently, the accepted method for NDV classification uses the complete coding sequence of the fusion gene \[[@CR24]\]. The isolates used in the phylogenetic analysis of the complete coding sequence of the fusion gene expectedly grouped together within currently designated sub-genotype VIa with the viruses that showed highest nucleotide sequence identity to them (Fig. [1](#Fig1){ref-type="fig"}). The 17 isolates from Texas, Utah and Kansas, that showed high genetic similarity within the lineage, formed a separate branch with other isolates from Texas, Louisiana, Minnesota, Nevada and Rhode Island that shared high genetic identity with them (Fig. [1](#Fig1){ref-type="fig"}). The remaining six sequences studied here clustered together in a separate branch with the sequences retrieved from pigeons and chickens sampled in the Northeast between 2004 and 2009 (Fig. [1](#Fig1){ref-type="fig"}). To assess the genetic diversity within sub-genotype VIa, the nucleotide distance between these two groups of sequences was estimated and they were found to be distantly related (4.2% nucleotide distance). In addition, both groups were distantly related (7.21--15.30% and 5.70--14.74%, respectively) to the rest of the sub-genotypes in genotype VI (Table [2](#Tab2){ref-type="table"} green and red, respectively) supporting the designation of a new sub-genotype, namely VIn, as per the nomenclature criteria for NDV put forth by Diel et al. \[[@CR24]\]. The results from the complete genome CDS tree, although less representative due to lack of complete genome sequences in GenBank, show that the phylogenetic relationships identified in the complete fusion gene analyses extend to complete genome level (Fig. [2](#Fig2){ref-type="fig"}).Fig. 1Phylogenetic tree constructed using the complete fusion gene coding sequences of genotype VI Newcastle disease viruses. The evolutionary history was inferred using the Maximum-likelihood method based on the Tamura-Nei model with 1000 bootstrap replicates. The analysis involved 72 complete fusion gene nucleotide sequences of genotype VI, and there were a total of 1662 positions in the final dataset. The NDV sequences obtained from this study are highlighted in either *green* (VIn) or *red* (VIa) colored font, and the distinction between all VIa and VIn viruses is designated by brackets and Roman numerals for the sub-genotype VI designation. The taxa names are labeled by the sub-genotype using Roman numerals, the GenBank identification number, the host organism, the collection country with state designation if from the U.S., the strain designation, and the year of collection. Evolutionary analyses were conducted in MEGA6 \[[@CR21]\]Table 2Estimates of evolutionary distances between genotype VI Newcastle disease virus sub-genotypesThe number of base substitutions per site from averaging over all sequence pairs between groups are shown. Analyses were conducted using the Maximum Composite Likelihood model. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The analysis involved 307 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA6Fig. 2Phylogenetic tree constructed using the complete genome concatenated coding sequences of genotype VI Newcastle disease viruses. The evolutionary history was inferred using the Maximum-likelihood method based on the General Time Reversible model with 1000 bootstrap replicates. The analysis involved 41 complete genome concatenated coding sequences of genotype VI, and there were a total of 13,744 positions in the final dataset. The NDV sequences obtained from this study are highlighted in either *green* (VIn) or *red* (VIa) colored font, and the distinction between all VIa and VIn viruses is designated by brackets and Roman numerals for the sub-genotype VI designation. The taxa names are labeled by the sub-genotype using Roman numerals, the GenBank identification number, the host organism, the collection country with state designation if from the U.S., the strain designation, and the year of collection. Evolutionary analyses were conducted in MEGA6 \[[@CR21]\]

To study the epidemiological relations of the pigeon-origin NDV from the U.S. and the rest of the world, additional phylogenetic analysis was performed utilizing the 374 nt hypervariable region at the beginning of the fusion gene coding sequence (Additional file [4](#MOESM4){ref-type="media"}: Figure S1). The analysis was performed on this region due to the abundance of genotype VI 374 nt sequences and the scarcity of complete fusion gene sequences from Europe and China in GenBank. The obtained results suggest that the sub-genotypes VIa and VIn NDV circulating in the U.S. are not directly related to the ones circulating in Europe and Asia. Indeed, viruses from Europe (1987--2005) and the U.S. (isolation from Florida in 2008) grouped into a small branch (Additional file [4](#MOESM4){ref-type="media"}: Figure S1, group 1). However, the abundance of sub-genotype VIa viruses from the U.S. (isolated between 2000 and 2014 from North Carolina, South Dakota, PA, RI, TX, MN, NY, NJ, OH, MA, ME, MI, MD, and MT) formed a separate branch in the phylogenetic tree (see Additional file [4](#MOESM4){ref-type="media"}: Figure S1, group 2). A third group of sub-genotype VIa sequences was observed, consisting of sequences from Europe (1993--2000), South Africa (2005--2006), Japan (1995--1996) and the U.S. (single isolations from Maryland in 1998 and Florida in 2006) (see Additional file [4](#MOESM4){ref-type="media"}: Figure S1, group 3). A fourth branch separated from the latter and contained the isolates identified as novel sub-genotype VIn in the complete fusion gene analysis, along with viruses isolated from Texas, Arizona, Louisiana and Rhode Island between 2000 and 2010 (see Additional file [4](#MOESM4){ref-type="media"}, Figure S1, VIn).

Discussion {#Sec10}
==========

The constant evolution of genotype VI NDV has caused failures to detect some viruses in the past \[[@CR25], [@CR27], [@CR28]\]. Occasionally, these viruses have been reported to cause outbreaks in poultry, which highlights the necessity to monitor their distribution, circulation and evolution \[[@CR3], [@CR29]--[@CR31]\]. Analysis of the genomic region of the U.S. pigeon NDV used for detection of virulent NDV showed existence of primers/probes mismatches, suggesting that some of these viruses could escape detection by real-time RT-PCR. Due to the need of an unbiased diagnostic approach, we used a previously described target-independent NGS technique \[[@CR17]\] that is capable of detecting unknown avian pathogens and applied it on FFPE tissue samples. This is the first report of utilizing random-priming NGS on formalin-fixed, paraffin-embedded tissues from wild birds for evolutionary characterization of Newcastle disease viruses. Newcastle disease viruses of genotype VI, commonly isolated from columbids in the U.S., were identified, and their complete genome sequences were obtained. The performed phylogenetic analysis suggested the existence of a new sub-genotype within genotype VI NDV, thus revealing unknown genetic diversity.

Here, we provide evidence that there are two, independently circulating lineages of genotype VI NDV in the U.S. The phylogenetic analysis showed clear separation of the obtained 23 sequences as they clustered into two independent branches of the phylogenetic tree (Fig. [1](#Fig1){ref-type="fig"}). One group had sequences from tissues collected from MT, MA, and PA that clustered with a portion of isolates collected from northeastern states, and the other group had sequences from samples collected from mid-southern states of TX, UT, and KS that clustered with samples from Texas and Louisiana (Fig. [1](#Fig1){ref-type="fig"}). The genetic distance between these two groups (4.2% nucleotide distance) suggests a very distant epidemiological link between them. Indeed, such high genetic distance is indicative of at least four decades \[[@CR32]\] of independent evolution of these two groups of viruses. Interestingly, the majority of sequences from the mid-south were from ECDO, while the sequences from the northeast were from mixed species including ROPI, unidentified pigeons, doves, chukars, and poultry without prevalence of one species or another, a pattern that could also be noticed in previous studies \[[@CR7], [@CR33]\]. The host association of the genotype VI NDV in the southern states with ECDO is puzzling and might reflect the distribution of this species which, although present in many states, predominantly inhabits the southern and southwestern parts of the U.S. with much smaller populations reported in the northeastern states \[[@CR34], [@CR35]\]. Because ECDO are an invasive species that first spread throughout Florida in the early 1980s \[[@CR36], [@CR37]\], it is possible that this species may have introduced the southern lineage of genotype VI NDV. This is supported by the estimated four decades of evolution described above (4.2% nucleotide distance). However, there is no NDV sequence data from the rest of the world that supports this hypothesis.

The lack of evidence of a direct epidemiological link between U.S. and other genotype VI NDV from other countries and continents suggest the independent maintenance of the U.S. viruses. Utilization of a large number of sequences of the 374 nt region of the fusion gene identified multiple isolations over time of viruses from sub-genotype VIa and sub-genotype VIn across the U.S. (Fig. [1](#Fig1){ref-type="fig"}, Additional file [4](#MOESM4){ref-type="media"}: Figure S1, group 2, VIn) and only incidental introductions of viruses from abroad. These findings support the hypothesis that columbids are more than likely serving as a reservoir of genotype VI NDV and harboring virulent viruses in the U.S. \[[@CR1], [@CR3], [@CR38]\].

The evolutionary distance between the two groups of viruses discussed above, the observed phylogenetic topology, and bootstrap support, indicate the presence of hitherto unidentified genetic diversity among U.S. genotype VI NDV. These two groups fulfill the criteria to be classified as sub-genotypes VIa and VIn \[[@CR24]\]. The currently established method to classify NDV based on the full fusion gene analysis provides comprehensive phylogeny (Fig. [1](#Fig1){ref-type="fig"}). The complete genome CDS tree supported the results from the full fusion gene analysis and showed bootstrap values of 100 in nearly all nodes, demonstrating the robustness of this analysis (Fig. [2](#Fig2){ref-type="fig"}). Furthermore, pigeon viruses from genotype VI have been identified in poultry within the U.S., both in the north and the south, again indicating the potential of these viruses to infect chickens and turkeys (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}) and highlighting the importance of keeping the knowledge of their genetic makeup and epidemiology up to date.

The use of FFPE tissues provided several advantages in the current study. This approach allowed complete genome characterization of archival specimens, which were sampled 2 to 7 years ago. The availability to quickly obtain deep, high quality, and detailed molecular characterization of archival samples is of significant value. Previously, the genome of the 1918 pandemic influenza A virus was determined after a 9-year effort by overlapping RT-PCR from postmortem samples; while using NGS, the complete genome was obtained in a single run \[[@CR39]\]. Significant numbers of FFPE archival tissues samples dating as far back as the 19th century are stored in tissue banks, research institute repositories and laboratories \[[@CR39]--[@CR41]\]. Sequencing of these samples using our developed approach has the potential to provide a wealth of missing information that will provide insights in genetics, metagenomics and epidemiological knowledge.

Here, the obtained NGS results were compared to the previously performed IHC (see Additional file [2](#MOESM2){ref-type="media"}, Table S4). It was confirmed that random-priming NGS of FFPE tissue samples from wild birds can be used as a tool to produce more specific diagnostic information than IHC. While 23 samples were identified as positive for NDV by both NGS and IHC, NGS provided specific genotype and virulence information (see Additional file [2](#MOESM2){ref-type="media"}: Table S4). IHC, however, identified only the absence or presence of NDV. Additionally, three birds total, two ECDO and one ROPI, were determined to be negative by NGS (18%) where only one was negative by IHC. Interdependence among the positive detection between the two methods was observed in a high percentage of the samples but not in all of them; nevertheless, NGS provided additional data in all samples. Thus, NGS could be successfully used as a complementary test for precision diagnostics of infectious diseases in FFPE samples.

Conclusions {#Sec11}
===========

This research shows the efficacy of the use of NGS on FFPE samples, as well as its complementary value to IHC, for investigating the circulation and evolution of pigeon-derived genotype VI NDV within the U.S. It demonstrates that there are at least two distinct U.S. genotype VI sub-genotypes maintained in wild pigeons that are continuously evolving independently from each other and independently from the rest of the world.
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